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SUMMARY

Information relating to alrcraft fires has been revliewed to
determine what new or further research mlght lead to & substantial
reduction of the alrcraft fire hazard In flight and followlng
crashes. An examlnation of fuels, lubricants, and hydraunllc flulds
&8 Inflemmable liqulds is presented herein, together with possible
gources of ignition under the general categorles of hot surfaces,
electric sparke and arcs, flames, and hot gases. The literature
on these topics 1s extenaslve and a number of organizations are
currently engaged in research and development actlvities on the ailr-
craft flre problenm.

A review of the statlstlcs on alreraft accldents shows that
about 15 percent of all alr-carrier accldents are crashes followed
by fire =snd about 5 percent of all accidents are caused by fire in
flight. In 1946, crash fires caused approximately 70 of 251 deaths
in air-carrier accldents, and fires in flight were responsible for
22 deaths.

From the existing informatlon, it might be concluded that
major reductions in the alrcreft fire hazerd could bhe achleved by
the use of low-volatility fuel wilth lnerted fuel tanks, noninflammable
lubricant, and noninflammable hydraulic fluld. Concluslve demonstra-
tlon of the apparent benefits in safety to be derived from low-
volatility fuel appears necessary, and serviceability must be
achieved in the englnes that will use & low-volatllity fuel to at
leagt the same degree that now exista wilth aircraft engines.
Extensive research and development must proceed before a satis-
factory noninflammeble lubricant will be achleved. Noninflammable
hydraulic fluides are belng developed and thelr effective utllizetion
should be hastened.
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The phencmena of fire extingulshment are incompletely undexr-
gtood and should be studied. Adequate methods of detecting fire or
cambustibles require further development.

There are many exlsting end potentlal ignition sources on &n
ailrcraft. In order to establlish the appropriate remedial measures
involving these ignition sources, knowledge on the exact mnature of
the start and propagation of fires in alrcraft must be extended.
Information shows that the exhaust system may be the single most
dangerous ignition source, particularly ln a crash or during a
me jor engine fallure, and methods for reducing exhaust-system tem-
peratures should therefore be investigated.

The ultimate reductlon of the fire hazard will not result from
the appliceticn of any single Iimprovement, but will come from an
Integration into the alrplame design and operation of new ldeas and
methods, many of which remein to be explored.

INTRODUCTION

The loss of nearly 100 lives attributed to fire In alr-
carrler accldents during 1946 and a similar high toll during 1947
clearly designates the need for minimlzing existing aircraft fire
hazards. Steady progress In lesrning methods of prevention,
detection, confinement, and extingulishment of aircraft fires,
particularly in flight, has been made during recent years as a
result of the leadership and efforts of the Civil Aeronautics
Adminigtration and the work sponsored and conducted by the Army
Alr Forces, the Bureau of Aeronsutice of the Navy Department, the
alrcraft and allled industries, the Ratlonal Fire Protection
Assoclation, and the universities. Many of the methods resulting
from the combined efforts of these groups are in use. :

The urgency of the need to accelerate the rate at which
alrcraft fire hazards are minimized, however, ls evident and can
presumebly be achleved by both supporting and augmenting the
existing progrems. An investigation of methoda for reducing ailr-
craft fire hazsrds has therefore been Initliated at the NACA
Cleveland laboratory.

The first phage of the investigation has been a gtudy and a
review by laboratory personnel from Flight, Combustlon, and Fuels
Branches of informetlon relating to eircraft fires to determine
those areas In which substantlial reduction of the ailrcraft fire



628

NACA RM No. EEB18 3

hazard might result frow an extenslion of existiﬁg information or
from an exploration of new ldess. A prelimineary presentation of the
panel study is given in thls report. . .

Considering the meny factors involved in the cccurrence of air-
craft flres in flight or following orash, it is obvious thet the
task of predlctlng occasions when fires will or will not result is
a somewhat hopeless task. The alrplane In flight with 1ts complex
Internal systems contains many potential ignition sources that are
dangerously close tc large guantities of inflammable ligquid. This
sltuatlon is obviously aggravated considerably in a crash by virtue
of the release of Inflemmable liquids, the formation of inflammable
mixtures, and the presence of various individual sources of ignition.
The solution to the problem of elliminating or reducing the fires
that occur In flight or after crash can, therefore, best be
approached from study of two essential factors involved, namely,
combustible mixtures and ignition sources.

Specifically, this report presents an examination of fuels,
lubricents, and hydraulic fluids as Inflammable liqunids together
with possible sources of ignitlon under the general categories of
hot surfaces, electrlic sparks and arcs, flames, and hot gases.
Emphaslis is placed on condlitions that may exist in an alrcraft after
& crash or in flight.

Literature bearing on the known factas of Inflammable liquids
and ignlition sources and on the relations between Inflemmable liquids
and ignition sources 1ls gulte extensive and serves as a sound basls
for an exemination of the flre problem. As In &ll problems involving
numerous intangible variables, an exact analysis of the flre problem
has not been and probebly cammot be mmde. The broad range of subject
metter dealing with specific remedial sction, such as the effect of
details of alrplane deslign on the susceptibllity of en alrplane to
fire and methods of fire extinguishing are not discussed 1n detall.
These subJects wlll be studied In greater detall as the work
progresses., In the discussion an effort has heen made to generalize
gome of the pertinent Information regarding Inflammable liquids anéd
ignition sources and to suggest lines of new or augmented research
activity that shonld aid in minimizing the alrcraft fire hazard.

An examinatlion of the statistlces on elircraft accidents 1s also
included in thls report. The statistice point out the magnitude of
the fire problem as & whole and can be used to establish the relative
importance of fire during ground operation, fire during flight, and
fire following & crash.
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STATISTICS ON AIRCRAFT FIRES

Aircraft accldent statlistlcs were reviewed and enalyzed in
order to determine the frequency wlth which alrcraft fires occur
as compared wlth other aircraft accidents and to determine whether
fire during ground operation, flight operation, or following a crash
ia respomsible for the most fatalities. A comparison of these
results would then indicate which parts of the aircraft fire
problem should recelve the meximum research effort.

A study of the 121 United States alr-carrier accidenta that
occurred during 1946 (reference 1) shows that 22, or 18 percent,
of these accldents Involved fire. The Army Air Forces in a survey
of 3635 of thelr accldents within continental United States (ref-
erences 2 and 3) found that fire was a factor in 15 percent. These
two percentages agree reassonably well, and thus it appears that at
the present time, fire will be elther the cause or the result in
approximetely one-fifth of all air-carrier accldents.

The problem of alrcraft fires cen be divided Into three parts:
fire during ground operatlon; fire during flight operation; and,
fire following a crash. An analysis of the 11 taxliing accidents
listed In reference 1l shows that there were no injuries or
fatalitles during ground operation and that no fires were Involved.
This result indicates that fires during ground operation are of
minor importance from the standpoint of passengers and personnel.
Flres in the alr and fires followlng crash are therefore the two
ma jor problems. The British in their analysie of the problem have
reached the same conclusion (reference 4).

During the calendsr year of 1946, approximetely 5 percent
(6/121) of all air-carrier accidents were caused by fire in the
air. This value agrees well with the resulis of the Alr Force
survey glven in references 2 end 3; 4 percent of thelr accidents
In 1944 and 5 percent In 1945 were attributed to fire in fliight.

In the slx air-carrier accldents or forced landings caused by Ffire
In the alr during 1946, 22 out of the 120 people involved were
killed, a fatality rate of approximately 18 percent. In an analysls
of data collected from January 1, 1938 to July 1, 1944, McFarland
(reference 5) found a fPatality rate of 26 percent due to fires in
flight. Based on these statistics, the average fatality rate in
fire-in-flight accidents mey be as high as 25 percent. If 1t is
agsuwed that the 5 percent of alrplanes experiencing fire In flight
carry S5 percent of the passengers, approximstely 1.5 percent of all
passengers lnvolved In accidents are killed because of flre in

flight.

929
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The 1846 air-carrier acclidents also show that fire followed
approximately 13 percent of all the accidents. The Alr Force data
glven in references 2 and 3 indlcate that 11 percent of their
accidents within contlnental United States were followed by fires,
which substantiates the percentage found for ccumerclal accidents.

It may thus be assumed that no more than 15 percent of all accidents
are crashes followed by flre. The percentages of fires in f£light end
following crashes are compared wlth all other accidents In figure 1.

In determining fatalltles chargeable to fire followlng a crash,
accidents involving fire in flight, taxiing, ground operation, and
gusts were first excluded from consideration. The remalning acci-
dents were dilvlided lnto two general groupsa; accldents followed by
fire and accidents not followed by fire. The fatallty rate of each
group was detexrmlned and the dlfference between them and thelr ratio
t0 one another can be used as measures of the number of people that
were killed by fires following crashes.

The fatallty rate of an accldent 1s largely dependent upon its
geverity; therefore, the average severlty of the two groups must be
equal if a comparison of their fatality rates 1s to be valid. Two
measures of crash severity are possible; the damage done to the alr-
Plene end the number of fatalitles experlenced. Analyses based on
both measures were made and the results are presented for comparison
in the followlng table. The specific accident data upon which each
of the analyses la based are presented in tables I to IV.
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(o2}
&
Fatality rates, (percent)
Accldent Fire No fire|Charge-|Ratio of
severity follow-|follow-|able to|fatality
bases ing ing fire rates
crash |crash (fire/no fire)

Accldents severe
enough to com-
pletely wash ’
out alrplane 85 24 4] 2.7

Accldents having
at least one
fatality 75 44 31 1.7

Accldents having
fatalities up
to two-thirds
of people
involved 25 12 13 2.1

Accldents having
at lesst ome
fatality and at
least cne :
survivor 40 12 28 3.3

The table indicates that an average of about 30 percent of
the people involved in fire-followlng-orash accldents are killed
by the fire. The ratios show that fram two to three times as many
people are killed in accldents followed by fire than are killed
vhen no fire followe the accldent.

In anelyzing alrcraft-fire data covering a G%—-year period,

McFarland (reference 5) found a 79-percent fatality rate when fire
followed crashes and a S5O-percent fatallty rate in crashes not
followed by fire. This anslysis Indicates a fatality rate of

29 percent chargeable to crash fires, or a fatality-rate ratio of 1.6.
Furthermore, the snalysle of data submitted by letter from the Civil
Aeronautice Administration to the RACA resulted in a fatality-rate
ratio of 1.7. These values agree well with the results presented

in the preceding table for accldents having at least one fatallty.

If 1% is assumed that the 15 percent of alrplanea that burnmed
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following crashes carried 15 percent of the passengers, approximately
4.5 percent of all persons involved in alr-carrier accidents were
killed by fire that followed the crash. This fatality rate indicates
that approximately 70 lives could have been saved in 1946 if all fires
following crashes could have been prevented. A graphic comparisom

of the fatallty rates attributed to fires with total fatalities in
1946 is shown in figure 2.

To summarize briefly, the statistliocs indicate that approximately
1.5 percent of the passengers Involved in accldents were killled as
& dlrect result of fire in the alr and that approximately 4.5 percent
were killed by flre following =& crash. From the standpoint of fatall-
tles, flres following crashes thus appear to be the more important
problem at the present tlme.

Although statistlcs for 1947 are not yet avallable, preliminary
estimates Indicate that the actual fatalltliea due to fire will be
higher than for 1946.

CHARACTERISTICS OF COMBUSTIBLE LIQUIDS
CARRIED IN AIRCRAFT
Fuel and ILubrlcatling 01l

Pertinent cambustible lligquid characteristics. - Two cambustible
liguid propertlies of interest insofar as fire hazasrds are concerned
are flash point and spontaneous-ignition temperature (scmetimes
called autoignition temperature). The flash poilnt of a cambustible
liquid can be defined as the temperature to which the liquid must
be heated In order to glve off sufficlent vapor to form an
inflammable mixture with alr. In laboratory test procedures the
spontaneous~lgnition temperature 1s defined as the lowest tempera-
ture of a surface on which a combustlble vapor-air mixture will
ignite after a specified time delay.

Flash polnts of petroleum products vary over a wide range with
the more volatile gasolines and nephthas flashing at temperatures
considerably below 0° F, kerosenes in the r from 100° to 160° F,
and lubricating oils in the range between 275° and 650° F (refer-
ence 6). It is therefore apparent that the less volatile liquids
must be heated to higher temperatures in order to produce Inflam-
mable vapors. Data from references 7 to 10, which substantiate thils
relation, are presented ln fligure 3. This figure shows that liquids
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having high bolling points also have high flash points, but low Reid
vapor pressures (a measure of volatility). Equations for the two
curvea shown are as follows:

tp = 0.69 %19 - 126 (1)
33,100
=
10 = 2102 + log P-17.7 (2)

where

tp flash point, °F

t19 10-percent A.S.T.M. distillation point, °F
P Reid vapor pressure, 1b/sq in.

The 10-percent polint is shown on the absclssa of figure 3 in
order to make the chart applicable to gasoclines as well as pure
hydrocarbons. An A.S.T.M. distillation curve (A.S.T.M. method D 86-40)
for an aviation gasoline 1s shown in figure 4. The lO-percent polint
refers to the temperature at which 10 percent of the gasoline has
been evaporated 1In a specified laboratory apparatus under controlled
conditlions. Pure hydrocarbons have flat dlstlllation curves; that
is, over the whole range of evaporation the temperature ls constant.
Consequently, for pure hydrocarbons, l0-percent point and bolling
polnts may be used interchangeably.

The flash polints of fuels wlll vary wlth altitude, as ghown in
figure 5. The relation shown In thls figure 1s developed from the
following equation (reference 1l) and data presented in figure 6.

tep - t) = 8 + 0.02¢4 1
where
4y temperature of lean explosive limit, °F

The slopes of the lines in figure 5 are slightly higher than
indicated by actual data presented in figure 3.

For all practlcal purposes, the flash point determined under
gea-level conditions provides a satlsfactory index of the tendency
of & cambustible liquid to form cambustlible mixtures with alr
(f1g. 5). On this basis alone, it 1s Justifiable to assume that a
deairable fuel from the atandpoint of fire hazard should have .as
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high a flash point as posslble; conslstent wlth the pertinent factora
involved in the appliceblllity of such a fuel to aircraft.

Unfortunately, however, the aforementioned spontaneous-ignition
temperature behaves in a manner opposite to that of flash point
(fig. 7). With thie fact in mind s 1t can be seen that a fuel wilth
a high flagh point may show a decreased tendency to form combusiible
fuel-alr mixtures that can be ignited by an extermal source, but at
the same time the fuel may have such a low spontanecus-ignition tem-
perature that Ignitlon can oceur by contact betwean fuel vapors and
& moderately hot surface,

This does not mean that a commerclal fuel blend having & high
flagh point will necessarily have a low spontanecus-ignition temper-
ature. In fact, commercial low-volatility fuels (boiling
range, 300°-400° F) have both high flash points and high spontaneocus-
1ignitlion temperatures because many hydrocarbons with high spontanecus-
ignition temperatures are contalned In such fuels in order tc meet
antiknock requirements. Further dlscussion of this point is
presented lster.

Spontaneous-ignition temperatures reported in the literature
(reference 8 and references 12 to 24) are not in agreement in regard
to absolute value; however, trends determined in relatlon to some
property of the fuel, such a&s bolllng polnt, are very canslstent.
The lack of agreement In absolute values among investigators can be
attributed to several factors:

(1) Purity of liquids examined

- (2) Composition of the surfaces on which ignition temperatures
wore determined

(3) Comdition of the surfaces on which ignition temperatures
were determined

(4) Method of heating surface
(5) Shape, size, and orlentation of surface
(8) Fuel-air ratio, or amount of fuel introduced

Spontaneocus-ignition temperatures for various hydrooarbons are
presented in figure 8. These data were taken from references 8§, 12,
and 13. The clazsses of compounds differ greatly in their lIgnition
temperatures and even within the same class of compounds (for example,
paraffins) branched structures (fig. 8(b)) have higher ignition tem-
peratures than straight-chain structures.



10 ' NACA RM No. EEB18

Significance of cambustlble liquid characteristics in relation

to aircraft fire problem. - In considering aircraft fires, either in
crash or In flight, there are innumerable circumstances in which the
propertiea of the combustible liqulds present can play an important
part. In order to illustrate the behavior of combustible liquids

in alrcraft fires, several gituations have been assumed and an effort
has been made to anticipate the role of the cambustible liquid on the
basgls of kmown facts,

(1) If the atmosphere adjacent to a conventional gasoline 18 not
confined, the mixture in the vicinlty of the gasoline is usuelly
combustible. The distance away from the lliquld surface over which
the mixture is combustible depends upon the extent of the air dllu-
tion. Thle statement 1s supported by the fact that the flash point
of gasoline is about -40° F. The temperature of the atmosphere at
gea level, except on rare occasions, is therefore conslderably above
the flash point of the gasoline. Thus when gasollne may be spllled,
as in an alrplene crash or gasollne leskage fram lines or tanks into
open wing spaces, 1t le almost certaln that combustible fuel-alr
mixtures will be present and will ignite if exposed to a sultable
gource of ignition.

(2) If at sea level the atmosphere adjacent to & conventional
gasoline is confined, as 1n a fuel tank, the fuel-alr mixture over
the 1liquid 1s not combustible if the fuel temperature in the tank
is above approximately 15° F; at higher temperatures s the fuel-alr
mixture over the liguid fuel in the tank is too "rich"” to burn. If,
however, the tank is ruptured asnd thls fuel-eir mlxture escapes to
the atmosphere, the mixture is "leaned" to possible cambustible
mixtures and exposure to sultable sources of ignitlion will cause a
fire. At temperatures between 15° and -50° F, combustible mixtures
can and do exist in airplane tanks carrying conventionsl gasoline
at altitudes below 10,000 feet; however, this range varies with
altitudes. (See fig. 6.) The combustibility limits shown in this
flgure were obtained from reference 25 snd the shaded area was
determined by data from the Callifornia Research Corporation.

(3) On the basis of the foregolng discussion, 1t is apparent
that a fuel of lower volatillty than conventional gasoline is
desirable if the hazaxd of combustible fuel-alir mixtures 1s to be
reduced when fuel 1s exposed to the atmosphere. In a confined
space, however, the fuel-alr mixture over liquid low-volatility
fuel may be combustible up to an altitude of 10,000 feet, if fuel
temperatures in excess of about 80° F are encountered. If fuel tem-
peratures above 80° F are encountered more frequently than tempera-
tures below 20° ¥, which is the upper limlt of inflammablility for
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conventionel gasoline, low-volatility fuel will be a potentially
greater hazard in tanks than conventional gasoline. Conversely, if
fuel temperatures below 20° F are encountered more frequently than
temperatures above 80° F, conventlional gasollne will be a potentlally
greater hazard than low-volatility fuel. TIn elther case, it is
signlificant that gasoliné-alr mixtures In a tank are not always non-
cambustible and low-volatility fuel-air mixtures are not always
cambustible. In other words, the fuel-alr mixture within a tank is
alternately combustible and noncombuestible, depending upon the con~
ditions. From this stendpolnt, the use of an Inerting medium 1n a
fuel tank is Justifleble whether the fuel 1s gasocline or low-
volatillity fuel.

(4) In the case of spillage of large guantities of fuel that
may be exposed to ignitlion sources, as in the case of an airplane
crash, the rete of flame propagation for the fuel is of prime
importance in regard to the rapldity of flame spresd around or over
the wreckage. If the surface temperature of a fuel, whether con-
venticnel gasoline or low-volatllity fuel, 1s below the flash point,
no flame will travel over the surface. Inasmuch as conventional
gasoline spllled in crash would seldom be at a temperature below
its flash point (-40° F), rapid flame spread can be expected.

With a low-volatillty fuel, the surface temperature of the fuel
exposed during crash will be conelderably below the flash point (105° F)
unless the crash ococurs ocn hot days before the fuel has had sufficient
time to c¢ool below 1ts flash polnt. Fuel in the tanks of parked air-
craeft may reach temperatures comslderably above amblent temperatures
on hot days, and thus a low-volatility fuel with & flash point of 105° F
could easglly be at a temperature sbove 1lts flash polnt. Data presented
in Pigure 9 show the varlation of fuel temperature during an 82-minute
flight. The maximum drop in fuel temperature recorded was asbout 32° F
and was reached 50 minutes after take~off. During descent the fuel
temperature began to rise and at landing was about 20° F lower than
at teke-off. It 1s therefore apparent that if the temperature of
the low-volatility fuel at take-off had been about 140° ¥, the entire
£light could have been made with cambustible vapore in the tank.

These data are clted to show that under certaln conditions low-
volatillity fuel may exceed its flash polnt at the time of crash; as
previously stated, however, conventionsl gasoline is nearly always
above its flash point.

Deta on the rate of flame propagation over the surface of com-
bustible liquids have been cbtalned by the Shell Development Company.
Part of thesze data resulted from tests in which 20 gallons of each
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teat fuel were burned In a rectangular concrete trough 30 feet long
and 4 feet wide with a fuel depth of about 1/4 inch. In the
following table the burning rates for three fuels of different

volatllity are compared: @
(o]
Vapor Burning
Fuel pressure|rate
(mm Hg) |(£t/min)
Gasoline 240 800
Low=-volatillty
fuel 6 35
Dieselene < 0.5 12

These burning ratea were measured when the fuels were burning
at & wind velocity of about 400 feet per minute (4.5 mph). In tests
comparing the influence of burning retes with and against the wind
in the same 30-foot trough, the :l’ollowing..reaults were obtalned:

Burming rate
Fuel (£t/min)
Wlth wind | Against wind "
Gasoline 800 400
Low-volatility )
fuel 30 15

The temperature of the fuel used in these tests was varied
from 66° to 90° F. The data indicated that the fleme-spread rate
1s solely a function of fuel vapor pressure. More extensive tests
mede by the Shell Development Company on & 4~foot tray and with
three fuels confirmed this relation. (See fig. 10.) Data fram
teste with the emall tray 4id not conflrm the large-scale tests, in
which burning against the wind halved the burning rate. (See fiz. 1l.)
A reduction in wind velocity from 800 to 400 feet per minute (fig. 11)
decreased the flame velocity from 41 to 15 feet per minute, & decrease
of 64 percent.

In the study of the effects of wind velocity, the Shell Develop-
ment Company found thet the difficulty of ignlition, partlcularly
with low-volatllity fuels, increases with wind velocity.
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(5) Stagnent combustible mixtures of air and gasoline or oil
vapors will ignite if permitted to remaln in contact with surfaces
having temperatures above about 455° F (reference 20). This limit
is not definitely established, however, owing to the number of
factors that Influence measurements of sponteaneocus-ignition temper-
atures. .

The general tendency for some parallelism between spontaneocus-—
1gnition temperatures and kmock ratings of fuels 1s more relative
than absolute. Regardless of thils fact, the trends of such data
indlcate that the higher the kmock rating, the higher the spontanecus-
ignition temperature. Thls in ltself is a fortunate circumstance
inasmuch as high-kmock-rating fuel components are needed 1n order
to produce commercial blends in the desired performance grade (100/130).
Thus, whether the 100/130 fuel produced is in the gasoline range or
the low-volatility fuel range, lts spontanecus-ignition temperature
would be relatively high. Thie is substantiated by the following
data fram the California Research Corporatlion:

Perform- [Spontaneous-
Fuel ance 1gnition
. ° grade temperature
(°r)
AN-F-28 100/130 1030
Paraffinic
low-volatility fuel 99/123 1040
Aromatic
low-volatility 97/>170 1120
120 grade aviatiop oll =wee=—we- 830

It is interesting to compare these ignlition temperatures, which
were obtaelned with laboratory apparatus, with the following average
ignition temperatures cbtalned by splashing fuel on & kot p:l.pe as
reported by the Texas Company:

Average .
spontaneous-
Fuel Ignition
temperature
(within £100° F)
AN-F-28 1250 -
Low=volatillity fuel
(300°-400° F) 1250
120 grade aviation oll 1000
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In an investigation reported by the Civil Aeronautics Adminis-
tration (referencd 28) it was found that under operating conditions
the highest exha.ust-stack temperature encountered for the partiocular
engine studled was 1150° F. At this temperature 1t can be assumed
that gasoline, low-volatllity fuel, and lubriloating oil would lgnite
on the stack. Thus, insofar as fuel and exhaust-stack temperature
are concerned, low-volatlility fuel offers no advantage over conven-
tional gasoline. On the other hand, when the alr around the exhaust
gtack is in motion, as in flight, the Civll Aeronasutics Administra-
tion data shown in flgure 12 for four Inflammable liquids indicate
that the difficulty of ignition increases as the air flow around the
exhaust stack 1s Increased. This fact is consistent with the Shell
Development Company data mentiocned earlier, in which the difficulty
of ignition, particularly with low-volatility fuels, increased with
wind veloolty. This fact 1s based on the 30-foot and 4-foot tray
tests In which the fuel was ignited by means of a lighted taper or
torch.

In sddition to these data, the Texas Company has made tests of
ignition temndencles of fuels when subJected to different swrface
condltions. These tests were mede by crashing fuel on & concrete
platform at selected dlstances from an ignition source. Ignitlon
tendency was expressed as the temperature differential (A.S.T.M.
10=-percent evaporated temperature of the fuel — amblent-air temper-
ature) necessary for ignition to occur. The results s referred to
dry-platform conditlonse, are as follows:

Change in ignition
Condition of platform|temperature differential
(within #100° F)

Wet No effect
Fllled with water No effect
Raining Decreases by 15°
Filled with snow Increases by 50°
Filled with sand Increases by 15°

The fuels used were blends of aviation gasoline and a commercial
solvent.

In connection with spontaneocus ignition of fuels and olls,
the Civil Aeronautics Administration (reference 26) found that
after a fire occurred the heat fram the fire had ralsed the tem-
perature of the exhaust etack to 1400° F. Below this temperature,
laboratory tests showed that SAE No. 10 oll would not ignite on a
steel glate but that oil vapor would ignite at temperatures as low
ag 750 F.

929
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Hydraulic Flulds

The use of hydraulic-control systems in alrcraft presents
another serious problem in regerd to fire hazard, In that additional
hydrocerbon olls are present under high pressure and may poesibly be
exposed to lgnition sources. This problem has been extensively
investigated at the Naval Research Laboratary (references 27 and 28)
gince 1941. The research on thls problem has been directed toward
the achievement of less-inflammable and noninflammable hydraulic
fluids and much of the Information obtalned is directly applicable
to the search for less hazardous lubricating olls. In particulsr,
flammability characteristice have been reported (reference 27) for
orgenic phosphates, carbonates, silicone flulds, Uccn flulds
(Carbide and Cerbon Chemicals Corporation), glycols, and aqueous
glycol solutions. Additional data were obtalned om the effects of
chloringtion on inflammabllity.

The results of this work (references 27 and 28) indicate that
the following fluid types are unsultable as noninflemmable hydraullc
fluids:

(a) Petroleum fractions with or without oxidation inhibitore

(b) Petroleum fractions containing various volatile organic
flame-resistant additives to serve as fire chokers or quenchers

(¢) Phosphoric-acid esters such as trioctyl phosphate, tributyl
phosphate, and tricresyl phosphate

(d) Mixtures of organic solvents such as alcchols, ethers, and
alcohol-ethers thickened to the desired viscoslity with blown castor
oll

(e) Esters of dibasic acids, especially those having extremely
low volatilities

The following less flammeble fluld types showed promlse as
hydraulic fluids:

(2) The chlorinated or fluorinated hydrocarbons and ethers
containing approximately three atoms of halogen per molecule (for
the substances gtudied, this was equlvalent to nearly 50-percent
halogenation of the campound)
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(b) The eilicones with viscosities of over 20 centistokes at
100° ¥, if properly siripped of volatile fractiome or impurities.
The substances particularly of interest here are the polymethyl-
siloxanes and the copolymers, the poly- (methyl, phenyl) siloxanes.

(¢) Certain polyalkylene oxides
(4) The glycols containing high percentages of oxygen

(e) Certain aqueous organic solutions containing pufficlently
high proportions of water to render them noninflammeble.

Coneideration (reference 28) of such factors as effects on
packings, volatility, flash point, desired viscosity index, and
evallability led to the conclusion that an ethylene-glycol-water
mixture provides the most promising possibility for obtaining
a less inflammable hydraulic fluld In the near future and service
tests are now in progress. It 1s Indicated, however, that the
other promlsing noninflemmable hydraulic flulds examined in thie
study (reference 28) may, after extensive development s be
applicable to aircraft.

In addition to the foregolng investigation, the Civil
Aeronautics Administration has conducted a study of the
inflammability characteristics of certalin hydresulic flulds (ref-
erence 29). The fluids examined were releessed at pressures of
1000 and 3000 pounds per square inch and exposed to ignition by
exhaust flames, hot exhaust stack, ignltion spark, and burning
gasoline. Also, crash tests were simulated by ejecting the flulds
at 3000 pounds per square inch through an electric arc and oxy-
acetylene flame.

Seven flulds were tested (reference 29) in comparison with
standard aircraft hydraulic fluld and all seven showed less tendency
to ignite than did the standard fluld, However, with the exception
of & fluld consisting of ethylene glycol, water, and additives, these
fluids would ignite under some of these condlitions. The ethylene-
glycol-water mixture 1a inflammable after expulaion of the water,

Extinguishing

The degree of freedom from fire likely to be achleved In air-
craft will not preclude the use of flre extingulshing equipment.
Research and development have been sponsored hy the U. 8. Air
Forces, Bureau of Aeronsutics, Bureau of Mines, and the Civil
Aeronautics Administration, at government laboratories and privete
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laboratories, whereby the practices of fire extinguishing may be
advanced. In addition, investigations reported by the British (ref-
erence 4) have contained many recommendations regarding the
extinguishing of alrcraft fires.

The extingulshing investigations conducted by the Civll Aero-
nautics Administration (references 26, 30, and 31) are primarily
concerned wilth the effectiveneas of varlous extingulshing agents
and the quantitles required, ratea of application, and optimum
methods of dlstribution when applied to gasollne and oll fires
ococurring in flight. The conclusions drawn in reference 26 are
Indicative of the scope of the Civil Aercnsutics Administration
gtudies and are of conslderable lnterest Iin relation to the problem
of extinguishing fires in flight. These conclusions are as follows:

1. Extinguishment of most aircraft-power-plant gasoline and oill
fires occurring in flight can be accomplished withln reascmeble
welght limitations, provided that adequate rates of extinguishing-—
agent application and optimum distribubtlon methods are used and
provided further that gasolline flow is shut off before extingulsh-
ment ls attempted.

2. Extingulshment of oil fires occurring in flight can be
accomplished without stopping the oil flow but oll shut-off is
advisable to prevent recurrence of the fire.

3. Alr blast is the most serious factor to overcome in the
extingulshment of zircraft-power-plant fires, and is overcome by
using adequate rates of agent application.

4. Gasoline fires are more difficult to extingulsh in the
acceasory section than oll flres.

5. The gafety-fuel flres in the tests were as dlfficult to
extinguish as fires burning 87-octane avlation gasoline.

6. Within limits, large fires are no more difficult to
extinguish than small fires.

7. The power sectiom, the accessory sectlon, the oll cooler,
and the exhaust-stack well must be individually protected agalnst
fire.

8. The extinguishing agent in the power and accessory sectlons,
and all other locations, shonld be simultaneously dlscharged.
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9. Tests 1ndicated that wheel-well protection 1s unnecessary,
provided the firewall 1s leakproof.

10. The dlscharge of extlngulshlng agent fram the power section
is necessary to extinguish accessory-section fires.

1l. Teats indicated that methyl bromide and carhbon dioxlde are
the only extinguishing agents of those tested that are satisfactory
for general protectlion against flres In flight in the type of power-
plant installation tested. Methyl bromlde was found to be the most
satlisfectory agent from the fire-extinguishing standpoint.

12. The rate of extinguishing-agent application 1s the most
Important factor In the application of an extinguishing agent. For
the entlre englne installation, a rate of application of 9 pounds
pexr second of methyl bramlide or 10.8 pounds per secand of carbon
dlioxide 1a regquired.

13. The minimum duration of extinguishing-agent application
should be approximately 2 seconds.

14, Tests indicated that application of the extingulshing agent
aheed of the engline cylinders 1s ineffective and umnecessary.

In regard to conclusion S5, 1t was found (reference 26) that
in an air blast, low-volatllity-fuel fires were as difficult to
extinguish as the gasoline flres. Thilis result ls contrary to
results of tests conducted by the Texas Company on crashing fuels
in a 10-mile-per-hour wind.

The flrst of the following tables indicates the influence of
water prqasure at the nozzle on the time required to extinguish
burning fuel. The other tables show the times required to
oxtinguish 2-gallon samples of fuels of varying volatility.

EXTINGUISHING 300°-400° F AIKYIATE WITH WATER
[l%‘-—inch Rockwood fog nozzle]

Fog~-nozzle preasure|Extinguishing time

(1v/sq in.) (sec)
50 27
100 14

125 16
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EXTINGUISHING VARIOUS FUELS WITH WATER
[lé-mch Rockwood fog nozzle]

Extinguish~
Fuel ing time
(sec)
100/130 grade aviation gasoline 242
200°-300° F fuel 34
2500-350° F fuel 25
300°-400° F fuel D14

8Check run, 36 seconds.
bCheck run, 18 seconds.

EXTINGUISHING VARIOUS FUELS WITH DIFFERENT AGENTS

Extinguish-|Extinguish-

Fuel ing time ing agent
(sec)

100/130 grade

avliation gasoline 50 Stable foam
300°-400° F fuel 28 Stable foam
100/130 grade

aviation gasoline 37 Carbon dloxide
300°-400° F fuel 6 Carbon dioxide

It will be observed In the foregoing data that In every case, flres
fram fuels of lower volatllity were extinguished more quickly than
fire from gasoline.

In reference 32 the Clvil Aeronsutics Adminisgtration has
summarized the findings presented In references 26, 30, and 31 in
an effort to present concisely the detalls of fire extingulshing
needed for application by alrcraft deslgn englneers. This sumery
itemizes the potential zones of fire determined from 3000 filre tests
on two radial engines, one of which was a l4-cylinder double-row
type and the other a seven-cylinder single-row type. Also ltemized
are the modes of protection recoammended for each of these zomes
and equations are given for computation of quantitles of methyl
bromlide or carbon dloxide regquired for certalin zopes. Simllsr
recammendations are glven for design and location of fire-detecting
devices.
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Although the literature on extingulshing 1s quite extensive,
the achievements In the fleld appear to be predominately the result
of applled Investigation rather then fundamental. The action of
moat flre-extingulshing agents has been explained as the cooling
of a combustible mixture below the ignition temperature or the
blanketing of the fuel with an inert masterlal so as to exclude
oxygen from the area involved. In addition to these actlons, one
investigation (reference 33) has indicated that aqueous solutions
of certaln salts in small concentrations willl extinguish fires.
These investigators stated that the fire extingulshing action was
not one of cooling or oxygen dilution, but could be explained only
on the basis of & salt influencing the combustion process. Other
investigators have also reported that the extingulshing action of
certaln materlale 1s greater than can be accounted for by dilution
of oxygen, and that the extinguishling effect differs with different
chemicals. Cameron (reference 34) states that combustibles will
not burn in an atmoaphere containing 6 to 15 percent carbon diloxide,
depending upon the cambustlible, whereas only 3 to 6 percent of
methyl bromide 1s required for extingulshing. In another case
(reference 35) 15 percent by weight of methyl bromide was required
to extinguish a standard gasoline wind-tunnel fire, which required
45 percent of carbon dloxide for extinguishing.
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In still another case, the Bureau of Mines (reference 36)
reported that 26 percent by volume of carbon dioxide will inert
an 1lsobutane-air mixture, whereas 40 percent of nitrogen is -
required. These cases lndlicate that wvarlous materials influence
the combustion process in sddltion to the blanketing actlion that
they exert. -

Regardless of the nature of the avallable data on extingulshing,
that 18, whether such data were obtalned by applied or fundamental
investigation, the known facts on the subject are extenslve and of
inestimable value to aircraft designers. Additional studies of the
fundamental effects of extinguishing agents on basic combustion
reactions will be required before the baslc mechanisms of extin-
gulshing are completely understood.

Detection
Concomitant with extinguishing 1s detectlion of flre or com-

bustible mixture. The need for reliable and Ilmmediate fire detec-
tion has been universally recognized. Means have been proposed for
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the detection of a predetermined high compartment-temperature level,
high rate of rise of compartment temperature, flame, smoke, and com-
bustible vapor.

Predetermined temperature levels may be detected by the use of
electric swltches actuated by fusible-metal-alloy links or other
devices, bimetal actuated electric switches, thermoelectric-effect
and reley switches, low-melting-temperature Insulating materlal that
allows an electric circult to close when heated above a predetermined
temperature level, explosive-charge actuated devlices, and ligunid-
fi1lled capsule or tube actuating devices. High compartment tempera-
ture rate of rise may be detected by the use of blmetal switches or
thermocouple circuits. Flame may be detected by the use of photo-
electric cells that are insensitlve to daylight or heat, electron-
ically coupled with necessery indlcating devices; electrical con-
duction through an ionlzed gas; and fuses of combustible materilal.
Smoke mey be detected by the use of photoelectric devices In which
light is attenuated by the presence of smoke In a compartment. Com-
bustible vapors may be detected by the use of devices that catalyt-
ically cause the combustion of a very small part of the vapor and
produce & small temperature rise.

The development of detection devices has been sponsored by the
U. S. Alr Forces, the Bureau of Aeronsutlcs, and the Civil Aero-
nautics Administration in numerous private menufacturing concerns.
The Air Materiel Command of the U. S. Alr Forces currently reports
that no completely satisfactory system or device has yet been
developed.

The indicatlion of a high temperature level by the use of bhimetal
actuated electric switches appears to be the most rellable and there-
fore the most practlcael means at the present time. In reaching thils
conclusion, Infallibility has been the princlipal criterion of merit
of the varilous devlices. Rate-of-temperature-rise detectora are
inclined to give false warnings for some normal engine operating
conditions. Thermoelectric devices are delicate and complicated.

It is recognized that the use of continuous strip semsing elements

are desireble because by such means the greatest part of a campart-
ment cen be guarded. If individual point sensing elements are employed,
a large number must be used.

An important advantage of the high temperature level detector
is that this device also may indicate some types of engine mal-
functioning, which, if permltted to contlinue, would result in a fire
or other serious calamity.
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Exlisting smoke detectors have been found only partly satis-
factory because they give a warning when water clouds or carbon
dioxide clouds are present in sufflcient concentration to attenuwate
the light to the photoelectrlc cell. Such has been the cesme in
baggage compartments in which dry 1ce has been used as a cargo
cooling agent.

Combustible-vapor detectors have been found unsatisfactory
because of the fraglle and unreliable nature of existing devices.

The continuance of the vigorous development effort now in
progress can be expected to result In lmprovement In the detection
of fire or excesaive temperatures in vulnereble compartments In the
alrplane. A gtudy of the fire problem indicates that as the potency
of the exlisting combustibles is reduced, as lgnition socurces are
elimineted, and when compartmentation and configuration are more
conduclve to greater fire safety, the problem of detection wlll be
significantly reduced.

Summary Statement Regarding Combustlble
Liquids and Alrocraft Fire FProblem

At first glance many of the polnts discussed In the foregoing
sectlione appear to be contradictory. Actually these contredictlons .
may be attributed to the conditlions used by the various investiga-
tors. In most cases, however, these differences In condltions have
no serious effect on the concluslons thet may be drawn, but the
application of a particular concluslon to the aircraft fire problem
must be considered from two possible viewpoints: fire in flight
and fire after crash. The followling conclusions Indicated by the
data are so given:

Fire in flight. -

1. Combustible mixtures will probably exiset more frequently
in aircraft tanks cantalning low-volatility fuel then In tanks
containing conventionsl gasoline. It is emphasized, however, thet
even with gasoline the fuel-air mixture In a tank 1s not alwayas
noncombustible.

2. In stagnant-alr spaces (unconfined) in which fuel may be
pregent and exposed to ignltion sources, low-volatillty fuel is
more difficult to ignite and will propagate flame less rapldly than
gasoline.
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3. In an alr blast, fires resulting from low-volatlillity fuels
are as 4ilfficult to extingulsh &s flres from gasoline.

4. In stagnant-alr spaces, fires resulting from low-volatility
fuels are easler to extingulsh then fires from gasoline.

Fire after crash. =~

1. When conventlional gasoline 1s spilled, as In the case of an
alrplane crash or of gasoline leaksasge fram lines Into unconfined
areas of an alrplene structure, it is almost certain that combustible
fuel-air mixtures willl be present and willl ignite if exposed to a
sultable source of lgnition.

2. Low-volatllity fuel will not ignite as readlly as gasollne,
1f spilled during crash and exposed to a sultable ignitlon source,
unless condlitions are such that 2ll or part of the low-voletlility
fuel is above the flash~polnt temperature (about 105° F).

3. At sea~level conditlonse and wind veloclitles less than 5 miles
per hour, low-volatility fuel fires spread at a conslderably lower
rete than gasoline, with or against the wind.

4. If splashed on hot surfaces, oll willl ignite at surface tem-
peratures lower than those for low-volatlllity fuel and gasoline.
Low-volatllity fuel and gesoline are about equal in this respect.

5. Limited tests indlcate that gasoline and a gascline-solvent
blend splashed 1n the open have an increased tendency to ignite in
rain. The ignition tendency ls decreased if fuel 1s splaeshed on
snow or sand. No effect was notlced on water or a wet surface.

6. In still air, a low-volatility fuel fire 1s more easily
extingulished than & gasolline fire.

The dats also indicate tl.at & less inflammable or noninfiammeble
lubricating oll is desirable and the attalnment of such an oll is
possible in 1light of recent developments In hydraullc flulds
discussed in the succeeding sectlon.

The adaptation of less-inflammsble or noninflammable liqulds
to use 1n alrcraft will probebly require conslderable development
work; however, no imsurmountable obstacles are foreseen. Can=-
slderable date on the merits of low-volatillty fuels In regard to
antiknock behavlior have been published. Date on the possibilities
of fuel-injectlion systems also exist and such systems have been
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operated successfully. Moreover, the use of fuel injection eliminates
the carburetor system now utllized in alrcraft and thereby eliminates
another potentiel fire hazard.

CHARACTERISTICS OF POSSIBLE IGNITION SOURCES

Insofar as fire hazards are concerned, lgnition sources are of
equal lmportance wlith the characteristics of combustible liquids.
Most ignition sources can be classifled In general as hot surfaces,
electric sparks and arcs, flame, or hot gases. A few miscellaneous
sources 4o not fit rigorously into cne of these four groups, and
certaln aircraft camponents or systems such as the exhaust system
may provide ignitlon socurces In two or three of these groups. Some
of the sources are always present; others require rupturing of a
wire, malfunctioning of equipment, or other accidental event to
became actlvs. The following survey of lgnition sources is Incomplets,
but serves as a basis for determlining where attention might be directed
in any attempt to substantlally reduce fire hazards.

Hot Surfaces

A large number of probable hot-surface ignition sources exiast
on the typical present-day alroraft; exhaust ducte, combustion heaters,
short-circuited wiring, and friction-heated parts are typical examples.
In considering when a hot surface is an ignition scurce, it 1Is noted
from the preceding section that surfeces having temperatures as low
as about 455° F have 1gnited stagnant combustible mixtures of air
and gesoline or oll vapors, but spontaneous-ignition temperatures are
markedly affected by such local factors eas the nature and condition
of the hot surface, the composlition of the cambustible mixture, and
the time of content.

Because an almost infinite number of combinaticns of local factors
can be encountered in the deslign of an alrcraft or in the event of a
crash, a consideration of hot surfaces as ignlition sources should be
baged on the lowest ignitlon temperstures known for the combustibles
carried in the alrcraft.

Exhaugt system. - Four parte of the exhaust system may be con-
gldered as hot-surface lgnition sources: the exhaust dueting, the
exhaust velve, the piston head, end the cylinder head, both interior
and exterior.

The temperatures of the exhaust duct and the exhaust wvalve are
well in excess of the minimum ignition temperatures of gasoline-alr
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mixtures, as shown by the exhauet-duct temperatures of 675° to 1020° F
cited in reference 37 or 1150° F cited in reference 26 and exhaust-
valve temperatures of 1140° to 1300° F in reference 38. Piston-head
temperatures will normally run below minlmum ignition temperatures,
but may reach ignition temperestures when the engine is operated at
take-off or emergency power. Reference 39 indicates that plston-head
temperatures may normally operate between 325° to 465° F. It is
improbable thet the exterior surfaces of cylinder heads would act as
ignition sources because they norma=lly operate below 400° F, with
maximum cylinder-head temperatures usually limited to 450C or S00° F.

The high temperature and the exposed locatlon of the exhaust
ducting marks 1t es one of the most likely ignltion sources on the
alrcraft, and past experience shows that many alrcraft flres have been
started by the exhaust ducting. Numerous exmmples of fires caused by
the presence or the failure of the exhaust ducting are known and in
reference 26 it was concluded after & long series of tests that "the
meat dangerous source of oil ignition In an aircraft power-plant
ingtallation is an exhaust system employing shrouda, muffs, end baffles
for collecting heated carburetor sir."™ Such baffles enclose & rel-
atively stagnant body of elr and result in lgnition when well venti-
lated surfaces do not.

The role of the exhauat valve and combustion cheamber as an lgni-
tilon source is not sc obviocus, except that exhaust valves are suffi-
clently hot to be classifled as potential ignition sourcea. An engine
that is forecibly stopped, as in a crash, may have been functloning
normelly up to the instant it is stopped. Such an englne wlll have
at least ocme cylinder freshly charged with fuel and the intake wvalve
8t1l]l open. Witk both the entire combustion chamber and the exhaust
valve at high temperature, the fresh charge is almost sure to lgnite
and the flame could spread back through the entire induction system.
This flsme may then set flre to fuel released by the crash. A French
writer (reference 40) points out thet sudden changes in speed, such
ag might take place when a propeller strikes the ground in & crash,
are accompanied by backfires that are a fire hazerd. The occurrence
of such backfires may be explained by the aforementioned process.

Combuetlion heaters. - Gesoline combustion heaters provide heated
surfaces very simllar to exhaust ducts. The walls of cambustion
heaters are generally of a fairly light gage metal, easily broken in
an accident. A heater may be adequately lagged for normal operatiom,
but destruction of the outside lagging or of the unlt itgelf 1n an
acclident may expose surfaces hot enough to act as ignition sources.
It should also be pointed out that, in present alrcraft, gasoline is
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plped throughout the alrcraft to supply the combustion heaters. The
etatus of the combustion heater as concerned with fire, however, has
not been completely studled.

Electrical equipment. - Electrical equipment such as motors and
generators, short-circulted wires, or loose connectlons may also
provide hot-surface lgnition sources.

Modern alrcraft make use of many electric motors for operating
suxliliary equipment of which fuel pumps, cowl-flap actuators, air
dampers, blowers, lending-gear retracting mechanisms and starting
motors are representative examples. Not all of these motors are
exploslion proof, nor is there any requirement that these motors not
act as elther arc or hot-surfece ignition sources. Data in refer-
ence 41, when extrapolated, show that 1if the rotor of a small air-
craft motor is locked it can reach temperatures as high as 450° F in
leas than a minute with an impressed potentlal of 29.5 voltis.

The general rules for operating engine starting motors specify
alternate operating and coollng cycles of l-minute duration.
Literature surveyed to date does not show whether such operation
will keep the maximum temperature below the spontaneous-lgnition
temperature of fuel or oil, and the atarting-motor specifications
reviewed do not definltely state that they are explosion proof.

Large alrcraft generators are normally cooled by blast tubes,
which taeke ram air from well forward in the cowling. Reference 42
shows that at about 110 percent of rating the hot-spot temperature
of a generator was 446° F and points out that commutators must be
degigned to withstand temperatures up to 482° F (250° C). Commercial
generators are usually protected from extreme overloads by current-
limiting regulators and should therefore not overheat. Thus a
generator would not normally be an ignition source in f£light; however,
during crash conditlons, 1f the generator has been under heavy load
or has been malfunctlioning and the engine is suddenly stopped, the
generator could concelvably act as a hot-surface ignition source.

The Bureau of Mines has shown that a light bulb filament greater
than 0.0068 inch in diameter heated to over 3000° F will consistently
ignite natural gas-air mixtures (reference 43). TIn asnother series
of tests (reference 21), nickel wires 0.040 inch in diameter ignited
methane-ailr mixtures at temperatures as low as 1470° F, which is
below the melting point of copper. Because gasoline-gir mixtures
have lower lgnition temperatures then natural gas or methane-air
mixtures, there is the possibility that a bare short-circuited wire
willl ignite a combustible mixture. The influence of fire-resistant
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or charred insulatlion on the tendency of the wire to act as an ignitor
is not definitely known. '

Normelly, the electrlcal system can be protected by circuilt
breekers or fuses. In a crash, however, 1t is possible that such
equipment may no longer protect the system. These protectlve units
may also be delibarately or accldentally bypassed by operating
personnel. The wirling system 1n many alrplanes also includes an
unprotected conductor between the battery and the breeker box and
another such conductor between the pllot compartment and the contactor
that disconnects the battery from the breaker box.

Friction-heated surfaces and hot particles. - Hot surfaces and
hot particles (eparks) may be produced by friction and mechenical
interference 1n a malfunctionling engine or by an airplanée sliding
along the ground. Surfaces heated by friction will have essentially
the same general ignltion characteristlcs as surfaces heated by
other meana and need no further discussion. When both the alrcraft
structure and the ground are consldered, many materials may strike

and produce a apark.

It is apparent from the work of dlfferent Investigators that
hot particles may or may not be lgnition sources, depending upon
thelr temperature and slze and the relative veloclty between the
cambustible mixture and the particles. The British reported 1n ref-
erence 18 that they were unable to ignite a gasollne-air mixture
with steel-to-steel sparks produced by a rotating, 2-ihch-diameter,
serrated, hardened steel wheel In contact with a hardened, chisel-
pointed rod. Heatlng a rod to a dull red heat and grinding sparks
from it with the same serrated wheel likewlse falled to ignite the
mixture, nor did steel-emery-wheel sparks provide lgnition. These
teosts were considered Inconclusive, however, because it was not
definitely established that the most easlly ignlted mixture had
been used. White and Price (reference 44) state that steel-to-
steel, emery-to-steel, end pyrites-to-steel sparks would not ignlte
combustible ether-alcohol-air and acetone-alr mixtures, but thet
ferro-cerium to steel sparks readily ignited most mixtures. It is
possible, however, that the sparks studied in these two series of
tests were not large enough or of high enough temperature to serve
as ignition sources.

Silver, Patterson, end others have studied the ignition of
inflammable gases by hot moving particles of larger size. Silver
(reference 22), in a study using both platinum and quartz spheres
of diemeters from 0.043 to 0.216 inch, and combustible pentane,
hydrogen, and coal gas mlxtures, found that in every case the
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minimumm ignition temperature varled greatly with the aslze of the
sphere, diminishing with increase in sphere dlameter, although less
rapidly as the size Increased. Ignltion temperatures ranged from
200° to 650° F above the ignition temperature of the mixture as
determined by other means. In ancther seriles of teats (reference 23),
Patterson found there was a minimum ignition temperature for a given
size of sphere below which no ignition was obtalned. This btemperature
appeared independent of the richness of the mixture, of the "age" of
the sphere, and of ite material, so far as this was varled (quartz
and platinum). The ignition temperature was well above those
indicated by the more usual sources of ignition. It was also found
that the ignition temperature Increasged with Increased relatlve
volocity between the mixture and the sphere and that this relation
was roughly linear.
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No data have been found that give the relations among particle
size, particle temperature, relative velocity, and fuel-alr ratlo
for the wvarious alrcraft materials and combustibles, nor are the -
particle sizes involved In engine destruction and accident abrasion
known. It 1s therefore Impossible at thie time to evaluate campletely
the importance of hot particles as ignition sources for alrcraft fires,
In the British spark testa, the hot particles were not of the size or
the temperature to cause ignition. Other studles have shown, however,
that hot sparks under appropriate conditions will be ignition sources.

The rupture of metalllic parts 1s kmown to produce heat and also
static electriclity (reference 45). The British Alr Ministry ren
tests, In which piano steel wires 0,015 and 0.030 inch in dlameter
suddenly broke in a mixture of gasoline and air, to determlne whether
such rupture would cause ignition. No ignition was obtalned. They
also point out that "a rise in temperature takes place during the
elongation before fracture of a tensile test plece depemding on the
material and the speed of application of the load, but in an extreme
case seldom exceeds 100° C." It is therefore considered that simple
rupture of structural or mechanical members 1s not an important
ignition source.

Electric Sparks and Arcs

The three general primary sources of electrical energy in an
alrcraft are engine-driven and auxilliary-power-plent driven generators,
the ignition system, and etatlc electricity gemnerated In several ways.
Several secondary sources also exlst, which contaln stored energy
that can reappear as electrical energy, namely: the battery, the
radlo, radar, wiring and electrical components that contaln inductive
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ensrgy, and moving parts such 23 motor armatures, which contain
kinetlic energy. These sources may be lmportant ignition hazards
during accidents.

The quantity of emnergy required to ignite a cambustlible mixbure
by electrlic spark at atmospheric pressure 1ls small.

Guest (reference 46), in consldering explosions in hospital
operating rooms, munitions works, rubber and plastics manufacturing
plants, and meny industrles where flammable vapors and dusts are
present, observed from the work of other investigetors that for
coertaln gas mixtures an energy of 0.002 joule is requlred in a spark
to cause ignitlon. Reference 47 shows that magneslum power regquires
an O.ll-joule spark If ignltion is to be certaln, although Ignition
is frequent with sparks of much lower emergy content amd ignitiom
was occasionally obtained with spearks of about 0.03 jJoule.

Lewls and vom Elbe (reference 48) have shown that 0.0005 joule
ie the minimum spark energy requlred to ignite a stolchiometric
mixture of natural gas and alr at Ll stmosphere with electrode
spacings of at least 0.1 inch.

The present 28-volt alrcraft system is capable of producing
sparks or arcs containing emergy far In excess of the minimum
required to lgnite gasoline-air mixbures. Arcing occurs across the
brushes of rotatlng electric-current equlpment, both motors and
generators, and could lgnite a combustible mixture If 1t reached
the axrc.

The present radlo shieldlng of the englne ignition system
precludes much possibility of its acting as an ignition source
during normal operaticn or after the engines have stopped.

The dangers of static-electricity dlscharge during ground
operations are well known and have been discussed in the literature
(for example, reference 49), but the dangers of such discharges
during flight or an accldent are not frequently considered.

References 50 and SIl, which are reports on radilo-interference
regearch conducted by the Army and Navy, state that an alrcraft can
be charged by contact with alrborme particles such as snow, ice
crystals, hail, raln, clouds, smoke, and dust. Individual parts of
the alrplane may also become charged with respect to one another by
induction as the aircraft flies near clouds (reference 51). Addi-
tionel ways in which the alrcraft in pert or as a whole may become
charged are descrlbed in referemnce 45. The rate of rlse of potential
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may be in the order of 200,000 volts or more per second when the air-
craft first encounters precipltation static (reference 52) and
potentials of 500,000 volts have been recorded. It has alec been shown
shown that the capacitance of a plane 1s approximately 20 percent of
its wing span in centimeters (reference 50). A simple calculation
then indicates that the static charge on a representative cammercisal
aircraft could supply thousands of times the minimum energy required
for ignition; however, the hazard exists only when spark discharge
occurs. Thils dlscharge can take place when the plane touches the
ground or when a sudden shlft of induced potential from one part of
the aircraft to another occurs, as might happen when lightning dis-
charges a cloud adjacent to the aircraft.

The Bureau of Mines has measured the electrical capaclity of a
humen being (reference 47), and, assuming that the person were charged
to only 10,000 volts, have calculated an electrical energy content
of at least 0.015 Joule, which could be given up in a spark discharge.
Inesmuch ag this guantity of energy is several times that required
for ignition, passengers insulated from the structure by fabric matting
and’ upholstering may also be considered as potential ignition sources.

Static electricity ls generated by the flow of fluilds from
tubea and can reach dangerous electrical potentlals, as pointed out
in reference 45, Potentlals of 3000 or 4000 volts are easlly obtalned
when petroleum products flow in tubes. This phenocmenon can be a fire
hazard when fuel tanks are belng fillled, 1f the alrcraft 1s not -
grounded, or when fuel is being dumped In flight.

The chemlcal energy stored in the battery, the inductive energy -
gtored In the electric circuits of radio and radar, the Inductive
energy stored in representative electric clrcults under load, and
the Inductive plus kinetic energy stored in equipment like electric
motors can eaglly provide a spark of intensity greater than the
minimum required for 1lgnition. Recognlzing thls potential hazard
in the event of a crash, the British have devised a swltch that
removes the battery from the circuits upon impact (reference 4).
The ignition potential of airborne radlo and rader eguipment has
been studled by the Underwrlters laboratory for the Alr Forces and
is abstracted I1n reference 53.

Although reference 4 states that In recent years electrical
fires have been rare, the Natlional Fire Protective Assoclation (ref-
erence 3) cites that out of five fires in flight on commercial air
carriers reported between July and November 18946, one was caused by
electrical trouble and one by lightning (uncertain).
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Fleme and Hot Geses

Flames are without guestion ignition sources. Experimental
oevidence indicates that hot gas at the exhaust-stack outlet will
ignite gasollne fumes; therefore, exhaust gas at normal operating
temperatures (from 1300° to 17002 F) (references 37, 54, and 55)
must be consldered an ignitlon source.

Engline exhsust systems and combustlion-type heaters are the most
obvlous sources of flame and hot gases, but backfires caused by
excessively leaning out the fuel mlxture, sbrupt power changes, and
the malfunctloning of the valve system wmust also be considered.
Induction and exhaust systems are considered by the British of suf-
ficient importance that In combating nacelle fires they inject part
of the fire-extingulshing medlum into the induction system to help
stop the engine end to inert residual unburned fuel (reference 4).

Miscellaneous Ignitlon Sources

Several possible ignition sources cannot be clagsifled in any
of the foregolng categories; for example, compression of trapped
gases, friction heatlng of deflated tires, lmpact firing of fuel
tanks, and oxygen-system exploslons. Undoubtedly others exist.

A recently concluded study of vacuum-system flres by the Civil
Aeronautice Administration (reference 56) describes Plres started
in the vacuum-pressure pump systems by the compression and repeated
working of trapped alr. Inadvertently dropped Jettisonable fuel
tanks have ignlited upon impact.

DISCUSSION

Bagsed on the review in the preceding sections of thla report
of the pertinent available data on the characteristics of the fuel,
lubricant, and hydraulic fluld, and on ignlition sources, consldera-
tlon may now be glven to extenslons of the data that are required
to provide a more complete understanding of methods for substan-
tially reducing the fire hazard in alrplanes.

From the existing information on the ignlition and combustion
of aircraft fuels, it might be concluded that major reductions in
the aircraft fire hazard could he achieved by the use of a low-
volatility fuel. The date show, for example, that the flash point
of low-volatility fuel 1s considerably higher than gesoline and that
the spread of flame acrcoss & fuel surface is only about one-twentieth
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as rapld for a low-volatility fuel &s for gesoline. Because of these
characteristlca, the use of low-volatillty fuel should reduce both

the posailbillity of fire and the tendency for the rapid and disasterous
spread of fire that occurs following a crash or a major engine failure
in flight. The likellhood of potential explosive mixtures in aircraft
ianks when low-volatility fuels are carried could poseibly be over-
come by inerting or purging with a gas like helium or nitrogen or
with treated exhaust gas. Inerting appears to be a desirsble feature,
whether the fuel carried las & low-volatllity type or a gasoline type,
although further data sre needed to evaluate lnerting systems
accurately.

Although both small-scale and large-scale laboratory tests are
dquite convincing in demonstrating the retarded ignition, slower rate
of burning, and generally less explosive character of low-volatility
fuel, a gquestion remelns as to whether or not a reduction in fire
hazerd would actually result from the use in aircraft of low-
volatillty fuel. It seems very doubtful if further bench or model
teates of the sort tkat have been performed wlll answer this gquestion
any more completely than exlsting data. Consequently, crash tests
to establlsh whether or not significant safety benefits are derived
from low-volatllity fuel appear to be required for final, convincing
evidence. In these tests, multiengine, war-surplus trensport air-
craft could be crashed, with englnes running, from flight or from a
ramp or cliff under clrcumetences closely simuleting accldent con-
ditions. Alternately, the sircraft would contain first conventional
aviation gasoline and then the low-volatility fuel in inerted tanks.
A sufficient number of airplanes could be crashed In order to
determine by visual observations and recorded data whether or not
significent differences in the frequency of fire and in the rate of
apread of {ire are experienced with the two types of fuel. The
difficulty and expense of the crash tests 1la recognized, but no
other technique appeasrs to serve the same purpose.

The practical usefulness of low-velatlility fuel as a means of
reducing the fire hazard depends not only upon whether or not it
results in a significant reduction in the tendency of filre to stari
end to spreed, but upon the service charscteristics of engines that
are operated on such fuels. Reductlon In fire hazard by use of low-
volatility fuel must be accompanied by engine rellabllity at least
as good as that now achieved with conventional aviation gasoline.
Exlsting data of the petroleum and englne industrlesa need to be
extended¢ to provide conclusive information on the serviceability of
engines operating on low-volatllity fuel. This informatlion may be
obtained 1ln test-stand investigations and 1n cargo airline operations.
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The lubricating oil may ignite first In many fires and con-
stitute the source of ignition for the large bulks of fuel. A signi-
ficant reduction in the Pire hazerd may result from the use of non-
inflemmable lubricants and the continued study of the alrcraft fire
problem may emphasize the advantages of the use of such a material.
Universlity and commercial laboratorles, particularly in the petroleum
Industry, have started the development of some of the poasible non-
inflammable lubricents. Thls phase of the research recquires further
fundamental investigation, which should include the synthesis of
new compounds and experimental evalustlon of the characteristics of
lubricents In sirplsne engines.

Although the search for noninflammable hydraulic flulds has
been in progress for many years and certain flulds less flammable
then conventlonal fluids have been developed, this branch of the
research cennot be considered closed. Materials considered to date
elther are not entirely sultable or heve not had sufficent develop-
ment effort put on them to demonstrate completely thelr practlcabllity.
Research should be continved untll a servliceable and practical
material is evolved and used.

As part of a consideration of methods of reducing fire hazards
by using less flammable liguids, a discussion of the status of fire
extinguishing is appropriate. The Iinvestigations by the Civil
Aercnautice Administration, the Bureau of Aeronsutles, the U. S. Alr
Forces, and private research laboratories have already made important
contributlions to the knowledge on this subject. An analysis of the
results indicatee that a better understanding of the basic chemistry
of fire-extingulishing agents is stlll needed. Research on the
influence of aqueous solutions of certaln saltes in gpmell concentra-
tions on the combustion process has Indicated that the fire-
extinguishing action was not wholly one of cooling or oxygen
dilution, but is explained on the basls of the salt influencing
the combustlon process. The unexplalned dlfference hetween the
effectliveness of various extingulshing agents indicates that further
information ls necessary in order to establish the influence of
various substances on the chaln reactlions that occur during combus-
tion. Fundemental Investigationg are necessary to determine the
physical and chemical properties of fire-extingnishing agents
required to prcvide mexlmur coollng and blanketing action. Parallel
development of techknigues for rellgble and lmmediate detectlon of
fire or combustible mixtures 1s also necessary.

Thus faer the discussion has been concerned wlth the ckaracter-
istics of flarmeble liquids as they relate to the fire problem.
Also vital to the solution of the fire problem is an understanding
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of the ignitlon sources. An enalysis of exilsting literature ashows
that the exhaust system of the airplane mey be the single most
dangerous ignitlon source, particularly in a crash or followlng a

ma jor engine failure, at which times cambustible vapor and liquide
are freely exposed to the hot surfaces. Although some Information
is available In the literature, further investigations of technigues
for cooling of the exhsust-disposal system are necessary. Further
data relating the ignitibllity of gasoline or oll to the tempereture
of hot exhaust pipes as a function of the ailr flow over the pipe

are necesaary before exhaust systems may be sdequately designed.

It must be admitted, however, that other ignition sources, such
ag resldual flame in cylinders, other hot engine parts, and
electrical-system fallures mey have started some of the fires that
have been attributed to the exhaust system. It is important that
the knowledge on these sources of lgnition be extended so that
necessary remedlal measures may be established.

The origin and propegation of fires resulting from mal-
functionlng or major fallureas of englnes or accessories is belng
investigated by the Civil Aerocnautlics Adminlatration. This research
has already provided much information on the lgnition sources and
the nature of the spread of fires In the alrplane, particularly as
the hazard manifests 1tself In flight, Additionsal detaliled lnforma-
tion on the ignition characteristics of the airplane's inflammables
in conjunctlon wlth the airplane's ignition sources 1s needed.

Some cf these data may be obtalned in a laboratory simulation of
the airplane environment. It is recognlized that some phases of
this work are already under way in the Civll Aeronautice Administration.

Further necessary informestion on the origin and propagation of
fires occurring in accldentel sirplane crashes could be obtained
from Intentional alrplane crashes. The same sequence of crash
tests as those used to prove or to dlsprove the safety features
of low-volatillty fuel and other remedlal measures should suffice
for this purpose. In these crashes, visual and photographic
observations should be made and data recorded on temperature
higtories In the criticel zones of the aircraft. Detalled observa-
tlons on a serles of crashes should advance the knowledge on ignition
and propagation of fires.

Fuel tanks that reduce the splash and spread of fuel in a crash
offer an alternate or complementary solutlion to the problem of
reducing the probablility of ignition and the rate of spread of fire.
The Civil Aeronautics Administration is working on the development
of fuel tanks that have an Iincreased crash resistance. Creative
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effort should be continued toward the discovery of fuel tank config-
urations and methods of construction by which the fuel can be con-
tained after a crash.

CONCLUDING REMARKS

The foregoling discussion 18 concerned with two major fundamental
varlables in the fire problem, combustibles and ignition sources, in
the belief that a slgnificant reductlion in alrcraft fire hazerd is
to be obtained by dealing appropriately with them. TIn conclusion,
mention must be mede of other and certainly important considerationa
in the over-all problem of fire safety, such as general alrplane
layout, aircraft design detall, and servlce, maintenance, and
operational practices.

Layout of the alrplane to provide maximum distance between the
fuel and the engine, which is belleved to be the principal ignition
source, may lower the Incidence of fires. The mounting of fuel
tanks at the tips of the wings is an example of a posslble layout.
Refinement of detall airplane design with particular emphasils on
fire hazard should lead to a safer airplasne. Attention might be
directed to such things as separating combustibles and ignition
sources, exhaust system, plumbing, drains and ventilators, and
electrical equipment. Application In design practlce should be
made of known safety measures to an even greater extent than ls
being made at present. Thls, of course, applies equally to
service, maintenance, and operatlonal practices. The tackling of
many minor detalls will, as has frequently been pointed out, ald
materially in solving the major problem.

The ultimate reduction of the fire hazaerd will not result
from the application of any single Improvement, but will come
from an integration into the airplane design and f£light operation
of new ideas and methods, many of which remaln o be explored.

Flight Propulsion Research Laboratory,
Netional Advisory Committee for Aeronautics,
Cleveland, Ohlo.
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TABLE I - ACCIDENTS SEVERE ENOUGH TO COMPLETELY

WASE OUT ATRPLANE

Fire following crash No fire following crash
Date Totel |Fatalitieas Date Total | Fatalities
aboard aboard

2- 4-46 4 4 1-31-46 21 21
3~ 3-48 27 27 5-29-46 4 0
4-24-46 3 3 7=20-46 4 )
5-16-46 27 27 7-25-46 5 0
8- 9-48 6 4 T7-31-486 5 0
8-25-46 2 2 8-21-46| 25 2
9- 5-48 21 20 9- 9-46 1 o
9~ 7-48 4 4 10-17-46 13 13
10~ 3-48 39 39 10-19-46 3 3
10~ 8-46 47 2 10-21-46 1 1
10-11-48 26 0 1l- 9-46 18 0
10-12-486 8 o 11-11-46 20 2
11-13-46 11 11 11-21-46 2 0
12-24-46 12 12 12~ 4-46 17 0
12-28-46 2 2 12-14-48 5 o}
12-28-46 23 13 12-17-45 7 7
12-31-46 5 5 12-24-46 45 0
12-28-46 21 2

Total 267 175 or |Totai 217 51 or

66 percent 24 percent
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NACA RM No.

TABLE IT - ACCIDENTS SEVERE ENOUGH TC HAVE AT

LEAST ONE PATALITY

Fire following crash

No fire followlng crash

Date Total [Fatalltles Date Total |Fatalities
aboard aboard
2- 4-45 4 4 1- 6-486 11 3
3~ 3-48 27 27 1-31-46 21 21
4-24-46 3 3 8-21-46 25 2
5-16-46 27 27 10-17-48 13 13
8- S9-46 6 4 10-19-46 3 3
8-25-46 2 2 10-21-458 1 1l
9~ 5-46 21 20 11-11-48 20 2
9~ 7-48 4 4 12-17-486 7 7
10- 3-486 39 39 12~28-486 21 2
10- 8-48 47 2
11-13-48 1l 11
12-24-48 12 12
12-28-46 2 2
12-28-46 23 13
12-31-46 3 5
Totel 233 175 or |Total 122 54 or
75 percent 44 percent
.
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NACA RM No. ESB1S 43

TABLE IIT - ACCIDENTS SEVERE ENOUGH TO CAUSE FATALITIES
UP TO TWO-THIRDS OF PEOPLE INVOLVED

Fire followlng cresh No fire following crash
Date |Totel |Fatalities Date |Total |[Fatallties
gboard aboard

8- 9-46 6 4 l- 6-46] 11 3
10~ 8-46) 47 2 8-21-46| 25 2
12-28-46| 23 13 11-11-46| 20 2
12-28-46} 21 2

Total 76 19 or |Total 77 2 or

25 percent 12 percent

TABLE IV - ACCIDENTS EHAVING AT ILEAST ONE FATALITY AND

AT LEAST ONE SURVIVOR

Flre following crash No filre following crash
Date |Total |Fatallities| Date |[Tobtal {Fatalltles
aboard aboeard
8- 9-46 6 4 l1- 6-46| 11 3
9- 5-46{ 21 20 8-21-48( 25 2
10- 8-46| 47 2 11-11-46} 20 2
12-28-46| 23 13 12-28-46| 21 2
Total 97 39 or |Total 77 g or
40 percent 12 percent

NNACA
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Figure 1, - Percentage of total air

NACA RM No. E8BIS8
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Figure 3. - Relation between flash point and fuel volatility.
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Figure 7. - Relation between spontaneous ignition temperature and

flash point for stralight-chain hydrocarbons.
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Spontaneous -1gnition temperature, °P
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EgBlig

Figure 12, - Relation between temperature and alrspeed in a dynami-

Temperature at surface of stack, °F

cally clean exhaust stack well that will prevent ignition of

flammable fluids (CAA data).
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